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1. INTRODUCTION

Regencrative liquid propellant gun (RLPG) technology is sufficiently mature to allow the
testing of the first 155 mm liquid propellant gun. In support of the development of this 155 mm
technology demonstrator, test fixtures in 30 mm and 105 mm sizes have been built and fired. The
data from all three fixtures have been extensively analyzed to better understand the regencrative
liquid propellant gun (RLPG) process. In this report, experimental data for the 155 mm Concept
VIC configuration are rcviewed, and computer simulations of the 155 mm tests arc presented. In

previous reports’ the 30 mia and 105 mm gun fixtures were discussed.

The structure for the modcling effort discussed in this report was dictated by the criteria for
the transition of the liquid propellant (LP) program from the Ballistic Research Laboratory (BRL)
10 the Army Rescarch, Development and Engincering Center (ARDEC). The transition critciia
specity that it should be possible to demonstrate agreement between model and test data for
30 mm, 105 mm, and 155 mm by matching mcan, filtcrcd pressure-time data to within 5% for
damper, reservoir, chamber, and bore pressurcs and by matching muzzle velocity to within 2%.°
The modeling effort was broadened by conducting blind simulations of experimental test finings
using a calibration of model parameters based on data from similar test firings.

This report documents the modeling of the 155 mm Concept VIC test firings. First, a
description of the Concept VIC fixture is given. The interior ballistic model utilized has been
described in previous publications.**  The modifications pertinent to the Concept VIC design were
described in detail in the first paper of this serics which documented simulations of the 30 mm
Concept VIC gun.! The choice of input parameters for the 155 mm is described. These parameters
arc primarily determined from the physical characteristics of the gun. However, some parameters
cannot be determined dircetly and arc choscn based on empirical data. To meet the transition
criteria, test firings of 2 liter and S liter propellant charges are considered. The 7 liter test data
were available after the transition of the program. Thus, as a extension of the modeling effort, the
baseline parameters from the 5 liter scrics are used to predict the performance of a 7 liter charge.
The igniter used in the 7 liter tests differs from that in the 5 liter test, and differences due to the

change v igniter are discussed.  In general, simulations of the 7 liter tests are reasonable.

The key feature, and major ¢ource of uncertainty, in the regencrative interior ballistic process
is the injection, breakup, and combustion of the liquid propellant. A simple droplet breakup and

combustion model has been utilized. Droplet size distribution, and, thus, propellant combustion,




show marked scnsitivity to other gun paramecters. This sensitivity and the related variation of

droplet size distributions are discussed.
2. THE CONCEPT VIC LIQUID PROPELLANT GUN

A diagram of a gencric VIC liquid propellant gun is shown in Figure 1. The monopropellant
in the liquid reservoir is prepressurized and is located between the control rod (inner piston) and
the injection piston (outer piston). A primer is ignited and injects hot gas into the combustion
chamber. As the chamber is pressurized, the control rod is pushed to the left, opening the injection
orifice. The outer piston follows the control rod, injecting the propellant from the reservoir into the
combustion chamber.

The motion of the control rod depends on the damper (also referred to as the buffer) assembly.
After the initial scal between the injection and control pistons is broken, the liquid pressure has
very litde effect on the control rod. As the control rod moves to the left, damper fluid is forced
between the rod and the extension on the transducer block. The control rod i: composed of turned
scctions which define the damper vent arca. Ncar the end of stroke, the dam; .- vent area becomes

small, limiting the flow of fluid from the damper and bringing the control rod to a gradual halt.

The injection piston will track the control rod in response to the differential pressure between
the liquid reservoir and the combustion chamber. As the injection piston moves closer to the
control rod, the vent area will decrease, the liquid pressure will increase, and the injection piston
will slow down. As the piston moves further from the rod, the vent area will increase, the liquid

pressure will decrease, and the piston will accelerate.

Tr. fixture utilized in the firings discussed in this report was developed under contract® by the
General Electric Company, Tactical Systems Department (GE). Figures 1-3 show represcntative
drawings of the piston and damper positions for the GE 155 mm fixture at the initial, midstroke,
and end-of-stroke positions of the pistons.

3. BASIC ASSUMPTIONS

The basic physical assumptions of the model and the changes in the goveming cquations
nccessary to model a VIC gun fixture were discussed in the first report in this series which focuses

on the 30 mm fixture.! The sccond report of the serics addresses the 105 mm fixture.?
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4. 155 MM CONCEPT VIC DATA

The 155 mm Concept VIC RLPG was tested using LGP1846 to evaluate Gun 1 ballistic
performance with different propellant charge lengths. Table 1 shows the 155 mm shot numbers
together with a brief description of the test series. Muzzle velocity and standard deviation in
muzzle velocity are given as reported by GE.” Shot 24 is excluded from the 2 liter repeatability
series since the liquid propellant metering system indicated that the initial charge contained 66 cubic
centimeters less liquid propellant than other firings in the series. However, the liquid reservoir was
full, the propellant charge being limited by piston stroke. It was hypothesized that the additional
volume in the reservoir (66 cc) was occupied by ullage or water from the purge cycle. (Tl.e fill

system is routinely flushed with water between firings as a safety measure during testing.)

Besides the differences in propellant charge sizes in Table 1, the damper region was modified
throughout the firings The damper fluid is Brayco 783 in all cases, and the damper does not
contain the 1/32 inch hole associatcd with the 30 mm gun.! Lubricants, 30-weight and 20-weight
oils, were pumped during the propellant fill process between the outer piston and chamber wall,
outer piston and transducer block, and inner piston and transducer block to lubricate the pistons,
provide hydraulic support for the outer piston shaft, and provide a barrier to prevent propellant flow
between piston shafts and the transducer block. Two igniters were utilized in the test program:

(1) an extemnal solid propellant igniter with an initiator similar to that used in the 30 mm and

105 mm firings, and (2) a hybrid igniter (also called a two-stage igniter) consisting of a small solid
propellant igniter which initiates combustion of a liquid propellant "puddle” placed directly in the
combustion chamber. The "puddle” combusts and raises the chamber pressure before injection of
liquid propellant from the liquid reservoir and is referred to as a pre-positioned charge. Projectile
travel is approximately 591.8 cm with a tube length of 609.04 cm.

The experimental firings which are simulated in this investigation arc shot 17 (2 liter
characterization test), shots 27 and 28 (from the 2 liter repeatability serics), shots 48 and 51 (from
the 5 liter repeatability scries), shot 58 (S liter with hybrid igniter), and shot 65 (7 liter with hybrid
igniter). shot 65 is from a 7 liter characterization serics which was fired in preparation for a
7 liter repeatability scrics to be performed at a later date.  All data displayed in this report have
been filtered.  Units on graphs are centimeters (cm), grams (g), milliseconds (ms) and megapascals
(MPa) unless noted otherwise.




Table 1. 155 mm Concept VIC Shot Numbers

Shot numbers Description
1-19 2-liter characterization, solid propellant igniter
20-30 2-liter repeatability, solid propellant igniter

Mean velocity at 200 inches of travel=393.2 m/s
with SD=0.44% (shot 24 excluded)
31-46 S-liter characterization, solid propellant igniter
47-56 5-liter repeatability, solid propellant igniter
Mecan velocity at 200 inches of travel=586.2 m/s
with SD=0.25%
57-61 S-liter charge, hybrid igniter charactcrization
62-65 7-liter characterization, hybrid igniter

Table 2 displays the primary test parameters as reported by GE.” The projectile is initially
offset approximately 10.16 cm from tube origin with approximately an additional 7.08 cm to the
obturating band. The igniter vents perpendicular to the tube axis, just behind the initial position of
the projectile. The initial chamber pressure rise duc to the igniter alone is determined by water
shots, (i.e., test firings in which the reservoir is filled with water). The solid propellant igniter
charge is Hercules HC25SS with an M1B1A2 primer; the liquid propellant igniter charge is
LGP1846. The initial chamber volume includes the tube volume which results from projectile
offsct and is determined by GE from a computer aided design (CAD) drawing of the gun. The
contours of the inner and outer pistons were altered after the 2 liter characterization series, resulting
in a change in initial chamber volume.

Pressure gages used in this analysis include: two gages in the same axial plane near the
forward cnd (tube end) of the combustion chamber, referred to as D-plane gages; two gages in the
combustion chamber, located in the same axial plane just bchind the initial position of the outer
piston, referred 1o as E-plane gages; two gages in the liquid reservoir, located in the transducer
block; two gages in the damper referred to as O-plane gages; and barrel gages B1 at 26.64 cm of




Table 2. 155 mm Concept VIC Test Parameters

5 liter 7 liter

2 liter 5 liter (hybrid  (hybrid
Charge 2 liter repeat repeat igniter)  igniter)
Shots 17 20-30 47-56 57-61 62-65
Propellant Volume (cm®) 2134 2233.6 5210 5210 7217
Initial Chamber
& Free Tube Volume (cm’) 10057 10323 10323 10323 10323
Projectile Weight (kg) 432 432 432 432 432
Total Igniter Charge:
Solid (g) 455 450 450 280 280
Liquid (g) 0 0 0 133 115.2
Piston Stroke (cm) 4.315 4.453 10.376 10.376 14.387
Shot Start Pressure (MPa) 4.0 40 10.0 10.0 20.0
Bore Resistance Pressure (MPa) 0.7 0.7 3.0 3.0 3.0

projectile travel, B3 at 74.497 cm of projectile travel, BS at 157.013 cm of projcctile travel, and B7
at 260.279 cm of projectile travel. The D-planc gages uscd in this analysis are D33 and D138,
where the number corresponds 1o the angular location of the gages in the D-planc. The E-planc
gages used are E222 and E342. Not all barrcl gages were activated during each firing. The
control and injection piston motions are mcasurcd by an extcrnal Optrons, and projcctile motion is
mcasured by a 15 GHz radar.

The projectile shot-start pressure and resistance profile has been a continual source of concem
in the modeling cffort. A standard M107 projcctile was uscd in all test firings. A standard
155 mm rifled tube was to have becn used. However, during manufacturing, the angle of the
forcing conc was incorrcctly machined to 1/2 of the specified angle. The effects of this change in
the forcing cone on the resistive forces for the M107 were originally felt to be minimal. Thus, as
a first approximation, expcrimental measurement by ARDEC of resistive forces for a M107
projectile in a standard 155 mm tube were utilized.*® These values were found to be poor fits 10
the experimental projectile motion in LP gun firings as dctermined from radar data. Thercfore, an
alternatc modcl of the resistive forces during carly projectile motion was introduced. A constant

pressure associated with the beginning of projectile motion, looscly referred to in this rcport as the



projectile shot start pressure, was determined for each set of experimental data analyzed. This
resistive force is applied over an initial projectile travel equal to 1.5 times the length of the
engraving band (which is 2.54 cm). This is a "rule of thumb" used in solid propellant modeling."
The resulting theoretical projectile motion was then compared to the early experimental projectile

travel, and in general, the rule of thumb appears to be reasonable.

Beyond the shot start region, the resistance pressure is initially assumed to have a constant
value equal to 1% of the maximum chamber pressure, another "rule of thumb" from solid propellant
gun modeling for a rifled gun barrel.

The projectile travel, derived from radar measurements for each test series, indicates that the
projectile shot start pressure varies in the firings. Radar data are used (o establish the shot start
pressures presented in Table 2, which give good matches between the model simulations and the
radar measurements for early projectile travel. An attempt was made to choose a single value for
the down bore resistive pressure for all test series. However, the radar data from the 5 liter firings
indicated a substantially different projectile resistance profile than found in the 2 liter firings. In
discussions, GE'" indicated that the gun tube was lubricated after each shot up to shot 46, and after
shot 46 the tube was not lubricated. Since shots 48 and 51 were used in the simulation of 5 liter
tests, it is assumed that the change in resistance pressure, compared to the 2 liter series, may be
related to the change in test procedure as well as (possibly) to differences in the initial pressure rise
rate in the combustion chamber. However, interestingly, radar from the 7 liter firing shot 65
indicates that the resistance profile had changed again, although the initial pressure rise, due to the

igniter and initial venting of the propellant, is similar to shot 58 in the S liter series.

Although more complicated resistive profiles could be devised for a particular shot, a general
formulation which would be applicable over all cases of interest is desired. Thus, the shot start
pressure is applied over the first 3.81 cm of travel, and a constant resistive pressure is applied to
the remainder of the projectile travel. The early projectile motion varies widely as a function of
both time and pressure for experimental data obtained in tests with "identical” projectiles. The
tolerance in the diamcter of the obturating band, 6.214 inches to 6.220 inches, in a tube with fewer
than 100 shots is not expected to causc the obscrved variation in projectile resistive forces. The
causc of the observed variation is unknown. The effect of the resistance profile on interior ballistic

simulations is examined bclow.




5. GE 155 MM GUN FIXTURE - 2 LITER SHOT 17

Test shot 17 is a 2 liter, 155 mm, Concept VIC firing from the initial characterization series
The experimental muzzle velocity determined from radar measurements is 424 m/s.

The chamber pressure for shot 17 at two gage locations in the D-plane is shown in Figure 4.
The chamber pressures measured by the two gages are separated with a difference at peak pressure
of about 7%. Data from one liquid pressure gage and one damper gage are available for this shot.
Inner and outer piston motion were mecasured using an Optron. Recoil has been subtracted from
the piston travel curves shown using the free recoil model described in the earlier 105 mm report.”
Unlike the earlier 105 mm case, the recoil has been scaled to give the measured piston travel in the
155 mm case. The shape of the combustion chamber pressure profile in Figure 4 is unusual
compared to previous 30 mm and 105 mm (as well as subsequent 155 mm) Concept VIC data,
since it is a nearly linear, increasing function up to peak pressure.

Most of the parameters for the gun code are based on physical measurements of the gun
fixture or measured propellant or damper fluid properties (see Appendix A). However, some of
the parameters cannot be predicted, and the values are sclected based on the analysis of
cxperimental data. One such parameter is the propellant discharge coefficient, which is derived
from the experimental chamber and liquid pressures and the experimental piston travels using the
assumption of stcady-state Bernoulli flow. An inverse code'> " is utilized to derive values for the
liquid reservoir and damper discharge cocfficients, shown in Figures 5 and 6, respectively. The
value of the reservoir discharge cocfficient, Figure §, is greater than 1.0 for a large portion of the
firing cycle. This result is not physically meaningful and is probably due to small errors in the
measured piston travels, which lead to large errors in the computed vent arca and/or the pressures.
The damper discharge coefficient, shown in Figure 6, is close to 1.0, a reasonable value considering
the relatively large exit arca. Thus, model values of the two discharge coefficients are fixed at a
constant value of 0.95.

The interior ballistic model is first applied in an optional mode using experimental chamber
pressure gage D138 as a boundary condition. The results are shown in Figures 7-10. The
comparison with the cxperimental liquid pressure, Figure 7, is good until late in the firing cycle.
The comparisons with piston travels, in Figure 8, and damper pressure, in Figure 9, are quite good

with some minor differences. The projectile shot start pressure was initially chosen as 4.0 MPa,
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with a barrel resistive pressure of 0.7 MPa based on an analysis of shot 27 radar data, The
resulting comparison with the tube gage B, located at 26.642 centimeters of projectile travel, is
shown in Figure 10. The projectile passes the gage position at the correct time in the simulation.
However, there is some difference in the magnitudes of the experimental and predicted pressures.
The pressure in the tube at gage B1 rises after the gage is uncovered, since the chamber pressure is

still msing at this point in time, and the projectile is moving relatively slowly.

To determine the cffect of accumulation on the ballistic process, the code is run assuming
instantancous combustion of the propetlant as it enters the combustion chamber. The comparison
of experimental and simulated chamber pressures is shown in Figure 11, Piston travels are
presented in Figure 120 As can be seen in Figure 11, combustion is fairly cfficient in this shot.
and the chamber pressure is not strongly alfected by accumulation. These pressure traces lack
the slowly increasing pressure in the startup regime, indicative of accumulation, which is a
characteristic of other Concept VIC data analyszed. The igniter vents approximately 10.16 ¢cm from

tub2 origin and s not expected o influence the enhanced carly combustion. However, the chamber
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pressures are substantially lower than in the 30 mm and 105 mm data. The lack of significant
accumulation may simply be due to the low pressures and correspondingly slower pisions and
injection rate, which allows the injected propellant increased time to heat and combust. The shape
of the pressure curve may also be related to the bumn rate of the propellant. Some experimental
evidence' indicates that the bum rate of the propellant is substantially lower below 100 MPa than
it is above 100 MPa. Since accumulation is not significant, the assumption of instantaneous
combustion produces approximately the correct muzzle velocity, a predicted value of 429 m/s

compared to the experimental velocity of 424 m/s.

However, Figure 11 suggests that there is a small amount accumulation as evidenced by the
slower rise t0 maximum pressure in the experiment. The simulation can be improved with a finite
rate combustion model. In the combustion model it is assumed that the propellant jet
instantaneously breaks into droplets as it enters the combustion chamber. The number and size of
the droplets define a surface area for propellant combustion, and all droplets burn according to a
pressure-dependent, linear surface regression law, which is derived from experimental strand bumer
data."*** For simplicity, it is assumed that the droplets all have the same diameter at any given
time and that the total liquid surface area is conserved (i.e., the Sauter mean diameter is utilized).
The droplet diameter is input as a function of chamber pressure. The droplet profile in Table 3 is
derived by adjusting the droplet profile until the model results match the experimental chamber
pressure. Table 3 indicates that the average droplet diameter is a constant 100 pm from 0.0 0
20.0 MPa, decreases linearly from 100 pm to 75 pum from 20.0 to 40.0 MPa, and remains at a
constant 75 um during the remainder of the process.

Table 3. Round 17 Mean Dropiet Diameter Profile

Chamber pressure, Droplet diameter,
MPa pm
0.0 100
200 100
40.0 75

The liquid accumulation and the droplet mean diameter can also be derived from the inverse
code based upon measurcd piston positions to determinc the vent arca and amount of propellant

injccted into the chamber, However, approximations must be made, and the results are less
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accurate than the computed discharge coefficients. Computed liquid accumulations and the mean
droplet profiles upon which the simulations are based are presented in Figures 13 and 14,
respectively. There is some discrepancy at early times when a small amount of liquid propellant
has becn injected. The droplet profile in Table 3 is chosen to be as simple as possible to
approximate the effect of accumulation and, arbitrarily, to be a decreasing function of pressure.
The mean diameter computed from experiment suggests a droplet profile which begins as a fine
spray, increases to a maximum droplet size and then decreases. Although physically more
appealing as the vent area increases during the startup, little liquid is involved in the startup, and
the simple droplet profile is adequate to simulate accumulation.

A comparison of the model using the droplet profile in Table 3 with experimental data is
shown in Figures 15-22. The modecl chamber pressure in Figure 15 is not as linear as the
experiment, but remains within the experimental gage measurements. The model liquid pressure in
Figure 16 compares well with the experiment, but again is not as linear. The two piston travels in
Figure 17 show overall good agreement, with a discrepancy between the model and experiment in
the carly injection (outer) piston motion. It is noted that, since 1.0 millimeter of injection piston
travel results in injection of approximately 75 grams of liquid propellant, a small error can
significantly alter the computed liquid accumulation. The damper pressures in Figure 18 are in
rcasonable agreement. In order to match the experimental muzzle velocity of 424 m/s, the resistive
pressure is lowered to 0.7 MPa, with the resulting comparisons with the barrel gages shown in
Figures 19-22. The predicted timing of the gage responses to the passage of the projectile appears
accurate. There is an apparent loss of gage signal in Figures 20-22. There is a discrepancy in the
magnitude of the pressure (recorded by the gage) and the model prediction in Figure 19. A similar
discrepancy is noted and discussed in the next section on the 2 liter repeatability series.
Intcrestingly, the projectile shows almost zero shot start pressure. Discussions with GE" revealed
that the gun tube was lubricated between each firing in the characterization series, which may
contribute to the low shot start pressurc.

6. GE 155 MM GUN FIXTURE - 2 LITER SHOTS 27, 28

The ten shots in the rcpeatability scries for the 2 liter charge consist of shots 20-23 and 25-30.
Two shots, 27 and _8, arc comparcd to asscss repcatability. In addition, the model is used to
analyze the data. The mean velocity for the 2 liter repeatability serics at 200 inches of travel is
393.2 m/s, with a standard deviation of 0.44%, cxcluding shot 24, as discussed in Section 4. The

initial liquid reservoir volume contains approximatcly 50 cubic centimeters of oil injected during the
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Figure 19. Barrel Pressure, Gage Bl - Round 17 (line). Model With Droplet Buming (dot).
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propellant fill cycle to seal the space between the transducer block and the outer piston. The effect
of the oil on the propellant combustion and thermochemistry is ignored, since GE" reports that the
oil is most likely deposited in the rear of the liquid reservoir and does not mix easily with the
propellant. However, in the model, we assume the liquid reservoir contains only propellant with

the volume chosen to be consistent with recorded piston travel.

The piston and control rod in the damper were modified from the shot 17 configuration. This
modification results in slightly different initial liquid volume, initial chamber volume (as derived
from a CAD analysis), and piston travels. The primer mass is slightly less than that in shot 17,
but otherwise the primer is the same. The values of the key gun parameters are listed in Table 2.
A standard M107 projectile was used in this test series. The projectile-tube interface was the same
as in shot 17.

A comparison of the experimental chamber and liquid pressures from shots 27 and 28 are
shown in Figures 23 and 24. The gages display the discrepancies associated with much of the
Concept VIC data. The four chamber pressure gages in Figure 23 record pressures consistent in the
startup region, but the pressures then diverge by about 7% at maximum pressure. In shot 28, both
a higher pressure and a lower pressurc were recorded, bounding the shot 27 data which are more
consistent. The four recorded liquid pressure histories in Figure 24 diverge in the startup region
and show a difference of approximately 9% at maximum pressure. There appears to be little
correlation between the shots (i.e., the highest chamber pressure is recorded for shot 28, but the
highest liquid pressure is rccorded for shot 27). This may indicate calibration errors in the chamber
gages. Comparisons of piston travel, damper pressures, and barrel pressures at gage B1 for shots
27 and 28 arc not presented; however, agreement is good. It is noted that recoil has already been
subtracted from the piston travel curves. The results of the free recoil model are not as accurate as
the 105 mm results;* therefore, the recoil model was adjusted to give the correct maximum piston
travel.”

In an effort to obtain a more accurate history of the combustion chamber pressure, GE’
suggested that the pressure recorded at the D-plane gage location be supplemented by the pressure
rccorded by the E-plane combustion chamber gages. The D-plane gages are located at the front of
the combustion chamber, just before the taper into the gun tube. Differences between these gages
and oier chamber gages have becn observed in much of the other 155 mm data. The differences
have been attributed to gage drift caused by heating due to increased gas flow and turbulence

since the gage is located in the chambrage of the chamber; also, the gage holes were milled too
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large. The two E-planc gages are initially covered by the outer piston and do not provide a record
of the early chamber history. However, they are exposed 1o the combustion chamber environment
soon after the start of piston travel. In Figure 25, the rccorded pressures at the D and E-plane
gages for Shot 28 arc compared. A close inspection shows that the recorded pressures at D138 and
E342 are high and in relative agrecment, and at D33 and E222 are low and in rclative agreement.
The spread between the recorded pressurcs is on the order of 14%. Since there is no apparent
evidence of systematic differences between the D and E-plane gages, no attempt was made to
combine recorded pressures. The D-planc gages are used in subsequent analyses to be consistent

with earlier simulations.

The inverse codc is applied to the data to determinc values of the discharge cocfficients for
the liquid reservoir and the damper. The derived discharge coefficicnts from the two shots using
gages D138 and LP270 are shown in Figures 26 and 27 for the rescrvoir and damper, respectively.
Values above 1.0 arc not physically meaningful and indicatc error in pressurc mcasurcment cr
piston travel. It has becn noted that the pressure gages arc not in good agrecment and that the
mcasurcd piston travel was adjusted by the recoil model. Thus, the data in Figurc 26 are taken to
suggest little flow loss, and the discharge cocfficient for the liquid rescrvoir is chosen to be a
constant 0.95. Similarly, Figure 27 suggests a discharge cocfficient of 0.95 for the damper.

Identical values were used in Shot 17 simulations.

The projectile resistive pressurc is determined from radar data using the chamber pressure,
D138 gage, as a boundary condition in Shot 28. A shot start pressurec of 4.0 MPa applied over
1.5 times the length of the engraving band with the resistive pressurc of 0.7 MPa along the
remainder of the bore provides good agrcement between experimental and predicted projectile travel
(scc Figurc 28). The radar signal is tcmporarily lost and rcgained during firing, producing the
brcak in the experimental data in Figurc 28. A comparison of experimental and predicted pressures
at the B1 gun tube gage, the only barrel gage recorded for this shot, is shown in Figure 29.

Initially, the modcl is applicd with the Shot 27 chamber pressure, D138 gage, as a boundary
condition. The results arc shown in Figures 30 and 31. The liquid pressure is reproduced
accurately in Figure 30, but the piston travels in Figure 31 arc in poor agrecement.  Although not
shown, the damper pressure agreement is adequate, and the carly projectile travel, as shown in
Figurc 28, is good. To investigate the inconsistency between the predicted and experimental piston
travels in shot 27, the modcl is applicd to Shot 28 with chamber pressure, D138 gage, as a

boundary condition. Thesc results arc shown in Figurcs 32 and 33. The liquid pressure agreement
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in Figure 32 is good, and the piston travel agreement in Figure 33 is much improved. The results

avain indicate the uncertainty in the chamber pressure gage measurements,

Instantancous buming is assumcd in the comparisons of liquid and chamber pressurcs and
piston travels, shown in Figures 34 and 35, respectively, for Shot 28. It can be scen that
accumulation is an important factor in the ballistic cycle. The instantancous combustion assumption
results ina predicted maximum chamber pressure significantly higher than that recorded. Interestingly,
the opposite situation is seen in 30 mm and 105 mm data'? where the rapid bum-off of the
accumulated propellant together with the combustion of entering propellant produces a higher
cxperimental maximum chamber pressure than the model assuming instantancous combustion.
Although there is less accumulation in Shot 17 than in Shot 28, the cenergy release is spread over a
fonger period of time in Shot 28, The maximum chamber pressure is rcached in Shot 17
(FFigure 11) at approximaldly 13 ms compared 1o approximately 18 ms in Shot 28 (Figure 34). Over

this longer time period, the gas volume is increasing as a result of projectile motion.  Thus, the slower
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event and larger gas volume result in a chamber pressure which is lower than that obtained
assuming instantaneous combustion. The higher predicted liquid pressure (Figure 34) and faster
predicted piston motion (Figure 35) simply reflect the higher predicted combustion chamber
pressure. The experimental data are similar to those of shot 17 in the lack of the relatively long,
flat pressure during the startup. However, a comparison of chamber pressures for shot 17

(Figure 11) and for shot 28 (Figure 34) indicates significanly more accumulation in shot 28. The
predicted projectile velocity at 200 inches of travel is 405 m/s, 3.1% higher, due to the higher
predicted pressures, than the experimental value of 393 m/s.

Accumulation is modeled by developing a droplet profile for the liquid propellant in the
combustion chamber to match the experimental chamber pressure recorded at the gage D138
location. The resulting droplet profile is shown in Table 4.

Table 4. Round 28 Mean Droplet Diameter Profile Derived
From Chamber Pressure Recorded at Gage D138

Chamber pressure, Droplet diameter,
MPa pm
0.0 100
20.0 100
40.0 100

A comparison of the model predictions, using the droplet profile in Table 4, with experimental
data is shown in Figures 36-41. A comparison of the chamber and liquid pressures is shown in
Figure 36. The agreement is good, although the model does not produce the experimental dip in
pressure between 12 and 14 ms. The piston travels in Figure 37 show good overall agreement with
some slight discrepancies between the prediction and experiment. The computed damper pressure in
Figure 38 is high and only qualitatively correct. The inaccuracy may reflect an incorrect damper
exit-area profile due to the initial seating of the bushing. The projectile travels in Figure 39 show
good agreement in the carly motion. The model accurately predicts the time of the uncovering of
gages B1 and B3; however, the magnitudes of the pressures at these locations are incorrect (see
Figurcs 40 and 41). The predicted projectile velocity at 200 inches of travel is 397 m/s, which is
1.0% high.
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Unfiltered data were reviewed tor Shot 28 in order to investigate the discrepancies in the
magnitudes of the predicted and experimental barrel pressures seen in Figures 40 and 41. A
comparison of unfiltered data with the filtered data showed good agreement. Thus, data reduction
is nnt considered to be a cause of the discrepancyv. Comparisons between the two chamber pressurc
gages, D138 and D33, and the two barrel gages, B1 and B3, are shown in Figure 42. Bl is
located at 26.642 centimeters of projectile travel, and B3 is located at 79.497 centimeters of
projectile travel. It is noted that the recorded maximum pressure at the gage B3 location is higher
than that at gage B1. Although it is physically possible, due to a rarefaction wave, for a gage
further down tube to temporarily record a higher pressure than a gage closer to the chamber, no
physical mechanism can be identified which would maintain such a pressure difference. In
addition, since the chamber pressure is low, and the projectile is moving slowly, the model predicts
no noticeable rarefaction wave. The predicted chamber and barrel pressures, shown in Figure 43,
show a small pressure drop from the chamber to the first barrel gage and an imperceptible drop
from the first barrel gage to the second, physically reasonable events. Thus, it appears that there is
a calibration problem with one or both barrel gages.

To probe this discrepancy between the barrel gages further, a simulation of Shot 28 using the
lower chamber pressure recorded at D33 is developed. The recoil model is first applied to the raw
Optron data in Figure 44 using chamber pressure measurements from D138 and D33. Both
calculations give a maximum piston travel which is too small. However, the lower pressure results
in less recoil and, hence, longer apparent piston travel. Since the pressure would have to be
significantly lower than recorded in the experiment to produce the actual piston travel with the
recoil model used, it is more likely that the recoil model is inadequate. However, as can be seen
in Figure 44, the piston motion is not highly dependent on the exact recoil until end of stroke.
This does not appear to be a major factor in the analysis, and the GE supplied piston travel is

used.

In order to producc a simulation of the lower chamber pressure measurcment at D33, the
constant droplet size is incrcased from a constant 100 pm to a constant 250 um, as shown in
Table 5. To match the experimental piston travel curves using the droplet profile in Table 5, the
damper discharge coefficient is changed from 0.95 to 1.05. Although the discharge coefficient
physically cannot be greater than 1.0, the larger value in the Bemoulli equation is a simple way to
uniformly increase thec damper arca. (It was noted to be in question in the discussion above.) The

resulting comparisons with the experiment are shown in Figures 45-50. The predicted projectile
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velocity at 200 inches of travel is now 392 m/s comparcd to an cxperimental vclocity of 393 m/s.
The previous predicted velocity was 397 m/s using the previous droplet size profiles cited in

Table 4. The chamber and liquid pressures in Figure 45 arc in reasonable agrecement. Similarly,
the piston travels in Figurc 46 comparc wcll. The agrcement between damper pressures in

Figure 47 is somewhat improved comparcd to Figure 38. However, the agrecement of early
projectile motions in Figure 48 (using Table 5) is somewhat poorer than obtaincd in the previous
simulation (using Table 4). Comparisons of cxperimental and predicted pressures at the Bl and B3
locations using both droplct size profiles arc preseiited in Figures 49 and 50, respectively.

Figurc 49 shows that in the simulation, using Table 5, thc projectile arrives late at the B1 location,
and the resulting pressurc-time curve is qualitatively different than the experimental curve in shape.
The quantitative discrepancy is also not improved. Similarly, in the simulation, the projectile
arrives late at the B3 location. It appears that, if the amplitude of the experimental barrel pressure
were matched exactly, the predicted projectile velocity would be lower than experimentally
obscrved.  Thus, it appears that the pressures recorded at the barrel gage locations are in crror, and

the droplet size profile in Table 4 provides the best overall simulation of the experimental data.
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Table 5. Round 28 Mean Droplet Diameter Profile Derived
From Chamber Pressure Recorded at Gage D33

Chamber pressure, Droplet diameter,
MPa pm
0.0 250
20.0 250
40.0 250

7. GE 155 MM GUN FIXTURE - 5 LITER SHOTS 48, 51

The 5 liter repeatability series consists of shots 47-56. Two of these firings, shots 48 and 51,
arc analyzed. The mean velocity reported by GE’ at 200 inches of travel for this series is
586.2 ri/fs, with a standard deviation of 0.25%. The liquid volume of 5205 cubic centimeters used
in the simulation to match the reported piston stroke (varies slightly from GE reported liquid
volume) includes approximately 84 cubic centimeters of oil, which is pumped during the propellant
fill cycle to scal the passage between the transducer block and the outer piston. The oil is
expected to remain segregated from the propellant, and thus, the properties of the liquid propellant
are not expected to change. The oil volume is included as propellant. The tube was not lubricated
after shot 46, and it is hypothesized that increascs in the projectile shot start and resistive pressures
shown in Table 2 are a result of the change in the tube lubrication procedure.

Comparisons of the experimental data from shots 48 and 51 are shown in Figures 51-56.
Overall, the data are quite reproducible. The piston travels in Figure 51 show excellent agreement.
However, rccoil has already been subtracted from this data. The recoil model was calibrated to
give the correct maximum piston travel, and the actual comparison between piston travels in these
experiments is obtainable only by direct obscrvation of the raw data. The agreement among liquid
prcssures in the two experiments (two gages in the same plane in the liquid reservoir) shown in
Figure 52 is excellent. The recorded chamber pressures in the D-plane in Figure 53 show
discrepancics, particularly at pecak pressure and afterwards. A close observation of Figure 53 shows
that, prior 10 peak pressure, the recorded pressurc is higher at onc gage location in cach shot.
However, at pcak pressure, both D-plane gages in shot 51 record pressures which arc higher than

shot 48 by approximately 5%. It is not clcar which pressure data arc more accurate.
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Figure 54 compares the pressures recorded by the D and E-gages for Shot 51. A close
inspection shows that the D138 and E342 pressures are high and in relative agreement, and that the
D33 and E222 pressures are low and in relative agreement. The spread between the two sets of
recorded pressures is on the order of 5-10%. Again, since there is no evidence of systematic
differences between the D and E-plane pressures, the D-plane data are used in subsequent analyses,

if only to be consistent with earlier analyses.

The comparison of the recorded damper pressures in Shots 48 and 51 shown in Figure 55
shows excellent agreemcnt. The projectile travels (derived from radar data), as shown in Figure 56,
are in good agrcement. Overall, the ballistic cycle appears reproducible, with differences in the

mcasured combustion chamber pressurcs possibly due to gage inaccuracy.

As a first approximation, the experimental chamber pressure recorded at the D138 location is
used as a boundary condition with a value of 0.95 for the discharge coefficients for the reservoir
and thc damper, as in the 2 liter cxperiments. The resulting comparison of predicted and
cxperimental liquid pressurcs is shown in Figure 57 for Shot 48 and in Figure S8 for Shot 51. The
agrcement in Figure 57 is poor, while in Figure 58 it is good. Duc to the inconsistency of 5-10%
in the experimental chamber pressure data, these results arc interpreted as indication that the
pressure measurement in Shot 51 at the D138 location is more accurate. Therefore, the comparison

of the model prediction and experiment for the § liter repeatability series is based on Shot 51.

In order to modcl the effects of propellant accumulation, the droplet profile shown in Table 6
is devcloped, using the pressure recorded for Shot 51 at the D138 location. The droplet sizes are
not significantly different than those in the 2 liter repeatability droplet profile in Table 5 up to
40 MPa, but are substantially larger than those in Table 4, which gave the best overall agreement
with the experimental data. The higher chamber pressure in the S liter shots requires an extended
profilc. Comparisons of thc model predictions using Table 6 with experimental data from Shot 51
arc presented in Figures 59-63. The agreement of chamber and liquid pressures in Figure 59 is
good, while the piston travels in Figure 60 show some dcviation. The agrecment of damper
pressures in Figure 61 is reasonable, cxcept at peak pressure where a difference of approximately
15% is scen. The experimental and predicted projectile travel curves in Figure 62 deviate at the
beginning of motion; but the comparison in Figure 63 of pressure curves at the B1 gage location,
the only recorded barrei gage in this test, shows good agreement both in time of projectile arrival
and magnitude of the pressures. It is again assumcd that the shot start pressure acts over 1.5 times

the Iength of the obturating band. Overall, the comparisons between the model predictions and

46




(MPg)

Pressure

290.0

200.0

150.0 A

160.0

56.0

0.0

0.0

5.0 10.0 15.0 20.0
tvme (ms)

Figure 57. Liquid Pressure and Chamber Pressure - Round 48 (line). Liquid Pressure From

Model With Cham

(MPa)

P~essure

Figure 58.

230.0

r_Press D1

200.0 1

150.0 A

100.0 A

50.0

f.iquid Pressure_and Chamber Pressure - Round 51 (line).

5.0 10.0 15.0 20.0
tvme (ms)

l.iquid Prcssure

From Modcl With_Chamber Pressure D138 (dot).

47




290.0

(MPa)

Pressure

time (ms)

Figure 59. Liquid Pressure and Chamber Pressure - Round 51 (ling). Model With Droplet
Burning (dot).

12.0

10.0 +

{cm)

8.0

6.0 4

4.0

PLston travels

2.0 A

tvme (ms)

Figure 60. Piston Travel - Round 51 (ling). Modcl With Droplet Burning (dot).

48




Damper pressure {MPa)

Figure 61.

Projectile travel (m)

Figurc 62.

300.0

250.0

200.0 4

150.0 4

100.0 4

50.0 4

0.0

time

(ms)

Damper Pressure - Round 51 (line). Model With Droplet Burning (dot).

2.0

o
i

0.0

tume

Initial Projcctile Travel - Round 51 (line).

(ms)

Modecl With Droplct Buming (dot),

49




150.0
CE 100.0 4
E
@
[v]
C
3
"
@
o 50.0
«
o
0.0 T Y
0.0 5.0 10.0 15.0 20.0
time (ms)
Figure 63. Barrel Pressure, Gage B1 - Round S1 (line), Model With Droplet Burning (dot).

Table 6. Round 51 Mean Droplet Diameter Profile Derived
From Chamber Pressure Recorded at Gage D138

Chamber pressure, Droplet diameter,

MPa pm

0.0 300

30.0 300

40.0 200

50.0 200

60.0 100

70.0 100
100.0 25
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experiment show more discrepancies than earlier efforts. The major difference is in the predicted

and experimental damper maximum pressures.

In order to evaluatc possible causes of the differences between the model and experimental
damper pressures in Shot 51, a number of hypotheses are examined. The first involves the
calculation of the damper vent area. In the model, the vent area is calculated as the minimum flow
arca between the bushing on the transducer block and the contoured damper rod, as shown in
Figure 64. Thus, the location of the defining point on the bushing is initially taken as point A.

As the rod moves to the left (the bushing is stationary), the defining point on the rod is relocated
to point B due to the curvature of the rod. The changeover location occurs near the maximum
vent area (minimum bolt radius) when the areas at points A and B are the same. At that time, the
location of the maximum vent area is assumed to instantaneously move the 0.16 cm from

point A to point B. This assumption is of interest since this transition occurs near peak damper
pressure, and the true maximum vent arca which occurs between points A and B is not recached in
the model with the rcdefinition of the vent. Removing the assumption and defining the flow arca
only in terms of point A, however, produced only minor changes in the damper pressure. Thus,
the method of calculation of the vent area does not explain the difference between the model

prediction and experiment.

As a second approach, it was hypothesized that the damper control rod geometry is inaccurate.
The computer model is applicd with the recorded chambcer pressure at the D138 location in Shot 51
as a boundary condition. The damper exit arca ncar pcak damper pressurc is then adjusted to
attempt to match the experimental data. Figure 65 is a comparison of the vent arca computed from
the engineering drawings and that rcquired 1o match the experimental damper pressure.  Figure 66
shows the effect on the calculated damper pressure. The results in Figures 65 and 66 show that the
vent arca must be incrcased substantially, and as a result, the predicted end of stroke occurs too
soon. If thc experimental damper pressure is matched from the beginning of the firing cycle by
adjusting the cntire vent arca profile, the result is a predicted end of stroke which occurs much too
soon. If the experimental damper pressurc is matched from the beginning of the firing cycle by
adjusting the cntirc vent arca profile, the result is a predicted end of stroke which occurs much too
soon, as shown in Figurc 67. Thus, the maximum predicted damper pressure can be fowered to
agree with the experiment by increasing the damper vent arca, but this change adversely impacts
the piston motion. It appecars that, if the recorded chamber pressurc is accurate, the recorded

damper pressure may be too high. It is also possible that the modcl is not correcty capturing the
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complicated feedback between the damper and chaniber pressures. The chamber pressure is found
to be consistent with liquid pressure in Figure 58. Although the predicted damper pressure
typically deviates from the experiment more than other measurements, damper pressure predictions
do not exhibit as large a pressure deviation in any other shot from the 30 mm, 105 mm, and

155 mm firings.

As another hypothesis, it is assumed that the damper pressure gage is miscalibrated. The
result of multiplying the experimental damper pressure by 1.15 and then comparing it to the model
prediction is shown in Figure 68. The agrecement is now much improved. However, no firm

conclusion can be drawn from this result.

As a final hypothesis, GE'® speculates that the higher calculated peak damper pressure is
attributable to excluding damper compliance in the damper pressure calculation. As the damper
wall expands at high pressures, the measured damper pressure lowers. In the GE code, an effective
bulk modulus is calculated to account for the damper compliance. Our analysis has indicated that
this corrcction is small and is not sufficient to explain the difference between experimental and

model damper pressures.

In summary, no satisfactory cxplanation was found for the difference in predicted and
cxperimental damper pressures shown in Figure 61. It has been assumed that simple Bemoulli
flow, with a constant value of 0.95 for the discharge coecfficient, i< sufficient to describe the flow
in thc damper vent. This hypothesis has proven reasonable for similar configurations. It is
possible that a complex discharge coefficient model is required due to the sharp comer on the
bushing and to the contour of the rod. (Note that a variable discharge coefficient only at maximum
pressure would require a value greater than 1.0 to match experimental data, since the model
pressure is too high.) Although the platcau in the cxperimental data near peak damper pressure
appears physically meaningful, no mechanism is identificd to match the recorded experimental

pressure curve with the given geometric description.
8. GE 155 MM GUN FIXTURE - S LITER shot 58
In order 1o cvaluate the cffectiveness of a hybrid igniter, the 155 mm Concept VIC fixture was

cmployed in the configuration used in the 5 liter repcatability scries.  An cxternal solid propellant

igniter was used in all Concept VIC firings before shot 57. In preparation for a totally liquid
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propellant igniter, an intermediate hybrid (also called a two-stage) igniter was tested. The hybrid
igniter consists of a small external solid propellant charge, which vents into the gun tube just
behind the initial position of the projectile, and an unrestrained liquid propcllant puddle (also called
a pre-positioned charge) in the bottom of the combustion chamber. The pre-positioned charge is
introduced into the chamber through the fill lines in the transducer block just before the pistons are
scaled and the liquid reservoir is filled. The liquid igniter {ill has the added bencfit of flushing the
liquid reservoir. Other than the change in the igniter, the gun configuration is identical to that uscd
in S liter repeatability scries.

The igniter modcel implemented in the code is simple. An option is added to thc gun code to
allow liquid droplets to be initially introduced into the chamber. The size of the liquid droplets
and the buming rate of the propellant determine the initial pressure rise rate.  The buming rate and
the thermochemistry of the "igniter” droplets are taken to be the same as those of the propellant

injected from the reservoir.
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A comparison of chamber pressures for shot 51 using the solid propellant igniter and shot 58
using the hybrid igniter is shown in Figure 69. The gage D138 record was lost at about 10 ms in
shot 58. However, the initial pressure rise in shot 58 is much more rapid than in shot 51,
apparently due to the energy release directly in the chamber. The totally solid propellant igniter
vents through a long, narrow passage; and igniter gases experience high heat loss. The rate of
pressure rise with the hybrid igniter indicates fast, efficient combustion of the liquid puddle. The
input parameters for the model for shot 58 are identical to those of shot 51, except for the solid
propellant primer and the droplet profile. The droplet profile is modified as a result of propellant
being injected from the reservoir into a hotter and higher pressure chamber environment. A
comparison between the droplet profiles is shown in Table 7 and Figure 70. Since the droplet
profiles are strongly affected by small changes in the igniter, damper, and projectile shot start
pressure, the droplet sizes should not be interpreted literally. However, the comparison indicates

more efficient combustion in shot 58, reflecting the differences in chamber pressures.

Tahle 7. Round 58 and Round 51 Mean Droplet Diameter Profiles

Round 51 Round 58
Chamber pressure, Droplet diameter, Chamber pressure, Droplet diameter,

MPa Hm MPa um

0.0 300 0.0 300
30.0 300 250 300
40.0 200 500 100
50.0 200 75.0 75
60.0 100 100.0 20
70.0 100 1250 10
100.0 25 150.0 1

Comparisons of model simulation and experimental data for shot 58 are shown in
Figures 71-74. The chambcer and liquid pressures in Figure 71 are in good agreement. The
predicted conwrol piston travel in Figure 72 shows a comparatively large deviation from the
cxperimental travel, although the injection piston travels agree well. Errors in either the chamber

pressure or the predicted damper pressurc are possible. The comparison of experimental and

56




Chamber pressure (MPa)

Figure 69. Ex

Orop diameter [(um)

Figurc 70.

200.0
150.0 FERN
T .
I,It,' ! N
100.0 4 i : .
50.0 - :
i
0.0 5.0 10.0 15.0 20.0
time (ms)
rimental 1 (line). Round 58
300.0 -
200.0 A
100.0 4
1) T T 1
0.1l 5.0 0.0 (5.0 20.0

Droplet Profile - Round 51 (line).

teme [(ms)

57

Round 5% (dot).




JH0.0
20000
Q
$ 1w
o .
L
bl
)]
0 0.0
[}
t
u
.0
. .

- T T
0.0 9.0 10.0 1%.0 20.0
Ltemo (st

Figure 71, Liquid Pressure and Chamber Pressure - Round 58 (line),  Model With Droplet
Buming (dot),

12.0
1.0
L
()
B0 -
te
b
8] f..0
{
(
1
I 4.0
(0]
0 -
ot
0o — - ' Y
[ Yo 10.1) 1511 )

tomg {mes)

Frgure 720 Piston Travel  Round S8 (ling), Model With Droplet Burning (dot).

S8




Fipure 73,

Fipare /1

MITY Y]

Lhod

sann

o 0

S

.

Damper Pressure

1 . O,

Lo

Round 58 (ling),

1
10

-

10 SN

time. )

Modcel With Droplet Burmng (dot).

utal Progectde Travel

Round S5 thney

Pl

Moded Wity Draplet Buming (Jdon

ot




predicted damper pressures is shown in Figure 73. Not unexpectedly, the predicted damper pressurc
is high compared to thc experiment at peak pressure as in Shot S1. The early predicted and
experimental projectile travels shown in Figure 74 are in reasonab:e agreement. The experimental
velocity at 200 inches is 596 m/s, vs. a predicted velocity of 597 m/s.

The hybrid igniter appears to provide enhanced gun ignition and more efficient combustion of
the injected liquid propellant. A simple igniter model is sufficient to model the hybrid igniter.
The resulting comparisons between the model prediction and experiment are similar to previous

results.

9. GE 155 MM GUN FIXTURE - 7 LITER SHOT 65

Shot 65 is part of a 7 liter characterization series consisting of rounds 62-65. The gun
configuration is similar to that used in the § liter firings. The transducer block is moved rearward
to accommodate the additional liquid in the reservoir, resulting in a longer piston travel. The
hybrid igniter is used with slightly lcss liquid propellant in the pre-positioned charge (liquid puddic)
than for Shot 58. The initial chamber volume and pistons are unchanged from the S liter
repeatability series. Thc damper rod is extended by inserting a 1.75 inch straight section near the
middle of the piston stroke to accommodate the longer piston travel.

The droplet profile shown in Table 8 is developed based on the expcrimental chamber pressure
recorded at the D33 location, since the signal from pressurc gage D138 was apparently lost later in
the ballistic cycle. Initial analyses, bascd on the experimental chamber pressure and projectile
displacement, indicated that the shot start pressure must be doubled from 10.0 MPa in the 5 liter
test series to 20.0 MPa in the 7 liter serics, even though the projectiles are all M107 projectiles,
and the initial chamber pressure rise ratcs in the two experiments are similar. As before, the shot
start pressure is applied over 1.5 times the length of the obturating band, a total of 3.81 cm to
obtain rcasonable comparison with the cxperimental data. This will be discussed in more detail
below. The comparisons between the model predictions and experiment are presented in
Figures 75-80.

The comparison of predicted and cxperimental chamber pressurcs in Figure 75 shows good
agrcement up to peak pressure, with the usual deviation during the expansion phase. The model

docs not predict the flattened chamber pressure curve ncar peak pressure. The gage with the higher
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Table 8. Round 65 Mean Droplet Diameter Profile Derived
From Chamber Pressure Recorded at Gage D33

Chamber pressure, Droplet diameter,

MPa um

0.0 300

25.0 300

50.0 125

75.0 100
100.0 60
125.0 30
150.0 15

recorded pressure, D138, lost the pressure signal during the ballistic cycle. The agreement between
predicted and experimental liquid pressures in Figure 76 is excellent. The injection piston travels,
Figurc 77, arc in good agreement; however, there the control piston travels show some deviation.
The same characteristic was noted in the 5 liter test series, shot 58. The predicted damper pressure
in Figure 78 is in good overall agreement with experiment with an overpressure at peak. Predicted
and experimental projectile travels, Figure 79, are in good agreement, although the early projectile
motion in the experiment occurs somewhat sooner. The one recorded barrel gage B3 comparison in
Figurc 80 is good. The cxperimental muzzle velocity is 683 m/s at 200 inches of travel, while the
predicted velocity is 682 m/s.

The flattencd chamber pressure curve in Figure 75 has not been observed in cxperimental data
since medium caliber testing early in the liquid propellant program. It is due to the straight section
on the damper rod which allows the system to rcach a near steady state condition. The
rcgenerative pistons pass the straight section on the contiol rod just before the platcau in the
chamber pressurc and achieve a ncar stecady state condition during the travel over this straight
section. As the damper vent arca begins to close, the piston momentum maintains the equilibrium
condition for a short time. The control piston then decclerates in response to the decreasing vent
arca, and the injection piston momentum causcs the sharp risc in the liquid pressure at
approximately 15 ms (sce Figurc 76). As the injection piston dccelerates, the injection arca is
rcduced, and chamber pressure decreascs.



The hybrid igniter appeared to function well in the 7 liter test as it did in the 5 liter Shot 58.
The only anomalies in the data are the increased projectile shot start pressure and higher amplitude
pressure oscillations than previously observed, particularly in the damper. The pressure oscillations

will not be discussed in this report and are the subject of a separate, ongoing investigation. ‘
10. FURTHER MODELING - PREDICTION OF 7 LITER, SHOT 65 ]

Although the modcl results presented above demonstrate excellent agreement with the
cxperimental data, valucs of the empirical parameters, discharge coefficients for the reservoir, and
the damper and the mean droplet diameter size distribution are dcrived from the experimental data.
A longer-term goal of the liquid propellant interior ballistic modeling program is prediction of
performance for untested gun designs. Therefore, it is desirable to obtain values of these parameters
which are independent of a particular fixture. Thus, paramcters derived for the S liter, Shot 58 arc
uscd in a simulation of the 7 liter, Shot 65.

A constant value of 0.95 for the discharge coefficient for both the liquid rescrvoir and the
damper was used in all the 155 mm modeling. The droplct profile for the 5 liter igniter, Shot 58,
is used since the igniter is similar and vents into the same volume in both fixtures. The prediction
is then not dependent on the igniter model. The results are shown in Figure 81 using the droplet
size distribution in Tablec 7. The initial chamber pressures, which are duc primarily to the igniter,
agreec well as expected, but the predicted and experimental pressures deviate at 5.0 ms. The
subscquent predicled pressure rise is 100 slow, and although the maximum pressurcs are within 5%,
the shape of the curve is incorrect. The predicted velocity at 200 inches of projectile travel is
660 m/s, while the expcrimental velocity is 683 m/s, a diffcrence of -3.4%.

The inconsistency can be traced to the early projectile motion.  Although the initial chamber
pressure risc rate duc to the igniters is similar, as shown in Figurc 82, the carly projectile
motion varies considerably. Shown in Figurcs 83 and 84 arc the experimental projectile travels
derived from radar for Shots 58 and 65 vs. chamber pressurc and time, respectively. The two
projcctiles are "identical” and yet behave quite differently.  The model uses a resistive pressure
determined by applying a constant shot start value over the first 3.81 cm of travel, the first small
scgment of the curves in Figurcs 83 and 84. A constant shot start valuc of 10 MPa simulates Shot
58 well, but a shot start pressure of 20 MPa is nceded to simulate Shot 65. It is not apparcnt why
the resistive profiles are so different between these two shots.  The physical mechanism for the

difference is not apparent and is the subject of current study.
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However, if the change in projectile shot start pressure is recognized by the model, the result of
the prediction of shot 65 from shot 58 is much improved, as shown in Figure 85. The predicted
and experimental chamber pressures are now in better qualitative agreement. The comparison at
peak pressure is about the same as in Figure 81, (0.7%). The predicted projectile velocity at
200 inches of travel is now 687 m/s compared to an experimental value of 683 m/s, a difference of
+0.6%. Thus, the projectile resistive pressure has an impact on the predicted velocity and the shape
of chamber pressure-time curve. While the impact is not surprising, the deviation in projectile
resistive pressure must be quantified in order to achieve good predictive results.
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11. CONCLUSIONS

A lumped parameter interior ballistic model has been developed for the Concept VIC
regencrative liquid propellant gun, incorporating the major features of this configuration. Most of
the required parameters are physical dimensions of the gun and propertics of the propellant, which
can be chosen without reference to experimental firing data. However, the parameters which must
be fixed, based on analyses of gun test data, are the reservoir and damper discharge coefficients and

the droplet diameter profile.

A constant reservoir discharge coefficicnt of 0.95 appears reasonable for all the 30 mm,
105 mm, and 155 mm Concept VIC firings studicd thus far. The damper discharge coefficient is
chosen to be 0.95 for all 155 mm cases studied and has varied from 0.6 to 0.95 in the 30 mm and
105 mm cases. It has been possible to assumc a constant discharge cocfficient for all the dampers
studied, although the agrcement between the model prediction and the experiment is least satisfactory
in the comparison of damper pressurcs. It is suggested that the complicated flow pattern may lead
to a variable discharge cocfficicnt. Howecver, the constant discharge coefficient assumption provides
good overall agreement between the experiment and the model prediction. The mean droplet
diameter also varics for cach gun configuration. There arc no obvious correlations for the droplet
diameter profiles for the various gun configurations, but propellant injection and combustion are
strongly influenced by the characteristics of the igniter, the damper, and the regencrative pistons, as

well as the chamber pressure.

In general, the model can be used 1o match experimental data from 155 mm Concept VIC

RLPG tests, using rcasonable values for the empirical paramcters.

In summary, the following obscrvations scem appropriate:

(1) Discrepancics within a given cexperimental data sct, particularly in chamber pressure
mcasurcments and cven between pressure gages in the same plane, make accurate
comparisons between the model predictions and experiment difficult.  The source of these

discrepancics is unknown; however, many gages show deviation carly in the ballistic cycle.

(2)  Overall, simulations of the 155 mm Concept VIC arc in good agrecment with

experimental data. However, in order to develop a predictive capability, a morc general

combustion model is needed. Scveral approaches are currently under investigation.




(3) The damper submodel remains somewhat unsatisfying as in the earlier 30 mm and
105 mm modeling studies. The performance of the gun is sensitive to small changes in the
damper since it directly influcnces the motion of the control piston, and therefore, propellant
injection velocity and rate of propellant flow into the chamber. However, an improved

model may require an empirically determined, variable discharge cocfficient.

(4) The varations in the projectile resistive pressure profile over the first 4 cm of motion
must be understood or controlled in order to accurately predict gun performance.
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APPENDIX A:
INPUT AND OUTPUT FILES - SHOT 17
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Below is a listing of the job strcam for the 2 liter characterization shot 17. The numbers and
labels at the left arc read in by the code. The comments at the right are for identification by the user
and do not affect the actual code. Following is the summary sheet from the output file. A description of

the input and a brief description of the source for the input variables are given first.

The first line is mercly a label. It lists the filename of the input job stream and a brief description
of the problem.

The initial offsct of the projectile and the total distance traveled by the projectile before muzzle
exit are given. The diameter of the gun tbe is given. The projectile and piston wzights are entered
(measured by GE).

The initial volume of the liquid rescrvoir is given. GE reports in Table 2 a volume of 2134 c¢cm?
and a piston stroke of 1.699 inches = 4.315 cm. To maintain consistency in the code, the liquid volume
was taken to be 2166 cm?, with a piston stroke of 1.7 inches = 4.318 cm. The initial free volume,
including the chamber and the tube volume from the offscet of the projectile, is derived by GE from a
CAD drawing to be 10,057 cc. The initial arcas of the reservoir (including control rod) and chamber are

derived from the engincering drawings.

The VENT4 option is chosen (VIC gun). The control rod radius vs. relative piston motion is
derived from the drawings. The zero point is defined where the outer piston and control rod first fit
together. The positive dircetion is to the left (direction of the piston stroke). In this casc only the parts
of the control rod to the right (negative direction) are relevent, since the outer piston cannot move o the
left with respeet to the control rod.  The area of the hole in the outer piston is computed from the

engincering drawings.  There is not a grease dyke on this piston.

The piston resistance is sei o zcro, since this is not usually large enough to be important. The
discharge cocfficient into the chamber is set at a constant 0.95 (sce discussion in report). The discharge

cocthicient into the gun tube is set cqual 1o one (o losses).

The flow into the chamber is modeled as steady state Bemoulli flow (FLUX1). There is only onc
veat hole. The piston thickness s irrelevant for this option. The flow into the gun tube is steady stale
ientropie flow (FLUXD)0 The shot start pressure is applied over a distance cqual to the 1.5 times the
fength of the obturating bund, a length of 1S inches = 3.81 cm (see discussion in report).  The value of
4.0 MPa gives very good agreement with the carly projectile travel.  Atfter shot stan, the resistance

pressure is quickly dowered to 0.7 MPa (see discussion in reporty. The 155 mm is a rifled gun.
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Next, the physical properties of the propellant HAN1846 are given.
The liquid is pre-pressurized to 3.45 MPa. The initial chamber pressure is onc atmosphere.

The droplet diameter is read in as a function of chamber pressure (DROP4). The buming rate is
read as a two part function. There is some evidence that there is a break in the slope of the burning rate
just under 100 MPa. However, since the rate at higher than 100 MPa is not known, the rate that was
measured for lower pressures is used. The droplet diameter table has been chosen tv match the chamber

pressure.

The primer is injected in the form of hot gas (PRIM3). The actual primer mass is 455 g. From
the water shots, the primer presurizes the chamber in about 4.0 ms. A heat loss factor of 0.45 is used.
That is, only 45% of the cnergy of the primer actually pressurizes the combustion chamber. From the
Gt water shot, chamber pressure reachcs about 18 MPa in 4.0 ms. The above value leads to 18.4 MPa
at 4 ms.

The default models for the heat loss to the gun tube and the air shock arc used. Heat loss to the
combustion chamber walls is ignored.

The most complicated Lagrange model (TUBEA4) is chosen. The model will take into account the
rarefaction wave after bumout of the propellant.

The buffer model is chosen (BUFF2). The areas of the buffer side of the control rod and the holc
in the block are from the cngincering drawings. The discharge coefficient is sct equal to 0.95 (sce
discussion in report). The initial volume is cstimated from the drawings. The buffer is originally
pressurized to 3.45 MPa to reduce ullage. The buffer fluid is Brayco 783, which has a density of
)8885 g/cc. Unfortunately, the bulk modulus for the damper fluid has not been mcasured. The bulk
modutus for o similar fluid, Brayco 756, has been measured up to 21 MPa at 244 C. This is fit by a
jincar function to obtain the derivative of the bulk modulus with respect to pressure. This means that the

bulk modulus of the buffer fluid is uncenain, especially at high pressures.

The center bolt radius is given as a function of control rod travel. The bolt on the back of the

crod rod has been wmed o fom this vent.

fhe code will print out results every 0.2 ms (TINC).  Because the code must often change the time
Col s more ellicient o orestrict the maximum time step (HTOP). The error controls EPS and SREC

Qe wnvenn tvpical values,




The integration method flag, MF, is sct to 10 (variable step size, variable order Adams method). For
the Concept VIC configuration, this ran morc rapidly than the backwards differentiation formula
previously used. KWRITE is set to zcro to eliminate diagnostic messages. A time limit of TMAX is set.
If the code takes longer than TMAX scconds to execute, the code will stop gracefully aud write tiie usuai
summary pages.

The code is only to be intcgrated once (REP1) and the chamber pressurc will be computed normally
(CHAM).
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dt17 - VIC - 2 liter Charge -
10.16 591.8

15.5

43200.

109000.
2166.

641.19
vent4
11

-3.0620

-2.2873

-0.0521

0.0000

0.7798

1.0820

1.3360

1.5900

1.7170

3.3388

34.2760

192.898 0.0

61400

no closc

8140.
855.02

3.4925
7.3762
7.8105
7.8359
8.2169
8.3185
8.3452
8.3185
8.2868
6.6650
6.6650

pisl
2
0.0 0.0
1.0 0.0
dist

0.0 .95
1.0 .95
disl

0.0 1.0
487.17 1.0

Drop - CD=0.95 - CD5=0.95
offset  proj travel

gun tube diameter

proi weight

piston weight

vl v3

al a3

moving central bolt

bolt radius versus piston travel

ahole
rodwt

agres

pistons initially mect at point
piston resistance

dis. cocfl. vs. piston travel

dis. coclf. vs. proj travel - tube
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fluxt

1 1.0
flux2
proj1
4
0.0 40
3.81 4.0
3.82 0.7
591.8 0.7
143 5350.0 9.11
4035.5 1.2226
66.9 .04988
22.848 677
345 0.1 0.0
drop4
0.01 95.2590
1.64 .103
1.64 .103
S
0.0 .0100
20.0 .0100
40.0 .0075
60.0 .0075
1000.0 .0075
prim3
4550 0004 045
loss
0.0
hecatl
hca
300.0 1.0
shock2
0.1 300.
1.4 28.84
tubc4

stcady state mass flux formulation
nvo pth

isentropic flow into tube

proj resistance

h0 k1 k2
encrgy gamma
surface tension  kincmatic viscosity

mol wt gas covolume
pl  p3 epsml

droplets

ddr pbr

adrl  bdrl

adrl  bdrl

inject hot gas

primer mass  injection time  hcat

puddle mass

no hcat loss to chambcer walls
hcat loss to gun tube walls
tube temp  fudge factor

air shock

airp  ain

airgam airmw

unsicady lagrange distribution
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bum

buff2
139.555 35.04845 0.0
95
898.
345 3.45
0.8885 1600. 113

00 14 0727 00

buffer - brayco 783

apis ahole acir
cds

vS

p5 pouts

rh0 k1 k2

cpsS gamS cv5 bS

radius Read in damper rod radius
6 nrat
0.0000  3.3084
0.1067 3.3084
1.0465 32576
1.8288  3.2576
3.0988  3.2830
43180 3.3269 2.00c-04  1.00c-05 tinc htop
1.00c-05 1.00e-08 eps srec
10 0 mf kwrite
20.0 tmax
repl integrate once
cham! compute p3
FFXQulput***
muzzle vel (m/scc) 424.10
max v pis (m/scc) 49
max pl (mpa) 105.8
max p3 (mpa) 70.4
max pS (mpa) 87.0
max pl (mpa) 69.2
max pr (mpa) 68.6
max acc (k-g) 3.0
max mass ¢rror 0.03 %
max cnergy error 0.02 %
ballistic cfficiency = 31.06 %
cxpansion ratio = 10.26
loss 10 tubc walls = 6.82 %
run time = 2.1 nstep = 3429
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INPUT AND OUTPUT FILES - SHOT 28
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Below is a listing of the job stream for a 2 liter repeatability shot 28 with droplet burning.
Only the parameters that have been changed from Appendix A are described.

The injection and control pistons were modified resulting in an initial liquid propellant volume
which is slighily larger. The initial chamber volume is also larger due to the change in contour of
the pistons. The damper control rod was redesigned resulting in a change in the damper profile.

A new droplet profilc has been derived.
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de28 - VIC - 2 liter Charge -

10.16
15.5
43200.
109000.
2233.6
641.19
vent4
17
-5.4783
-0.0521
0.0000
1.5286
1.6921
1.9461
2.2001
2.4541
2.5811
2.7567
2.8214
2.9484
3.0754
3.3294
35834
3.8374
10.0000
148.633
61400
no close
pisl

o)

e

0.0
1.0

591.8

3406.
855.02

4.8781

6.8529

6.8783
7.6238
7.6858
7.7203
7.6858
7.5735
74778
7.2680
7.1730
7.0279
6.9190
6.7709
6.6906
6.6650
6.6650

0.0
0.0

Drop - CD=0.95 - CD5=0.95

offset proj travel

gun tube diameter

proj weight

piston weight

vi v3

al a3

moving central bolt

bolt radius versus piston travel

ahole  agres
rodwt

pistons initially mcet at point

piston resistance
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disl

0.0
1.0

disl

0.0
487.17
flux1

flux2
projl
4
0.0
3.81
3.82
591.8

.95
95

1.0
1.0

1.0

4.0
4.0
0.7
0.7

143 53500 9.11

4035.5
66.9
22.848

drop4

1.2226
.04988
677
345 0.1

0.0

0.01 95.2590

.64 103
1.64 103

2
0.0
1000.0
prim3
450.0
0.0
heatl

0100
0100

0.004 045

dis. coeff. vs. piston travel

dis. cocff. vs. proj travel - tube

stcady state mass flux formulation
nvo pth
iscntropic flow into tube

proj resistance

rhO ki k2
cnergy  gamma
surface tension  kinematic viscosity
mol wt gas covolume
pl p3
droplets
ddr pbr
adrl bdrl

adrl bdri

cpsml

inject hot gas

primer mass  injection time  heat loss
puddlc mass

no hcat loss o chamber walls
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heat2

3000 1.0

shock2
0.1
1.4
tubc4

bum
buff2

139.555 35.04845 0.0

95
912.
3.45

0.8885
00 1.4 0727 00

radius

15

0.0000
04724
0.7264
0.8534
2.1488
24028
24714
2.7254
29794
3.2334
3.4874
37414
3.9954
4.2494
44527

2.00c-4

28.84

3.45
1600.

3.3147
3.3147
3.3122
3.3084
3.2652
3.2603
3.2634
3.2680
3.2736
3.2802
3.2878
3.2964
3.3061
3.3170
3.3264

1.00c-05

heat loss to gun tube walls
tube temp fudge factor
air shock

airp  airt

airgam airmw

unsteady lagrange distribution

buffer - brayco 783
apis ahole acir
cds
vS

p5  pouts
h0 k1 k2
epsS gamS cv5 bS

nrat

linc htop




cham1

1.00e-05 1.00e-08 eps srec
10 0 mf  kwrite
20.0 tmax

integrate once

compute p3
Rk Quput***
muzzle vel (m/scc) 411.27
max v pis (m/sec) 4.7
max pl (mpa) 81.9
max p3 (mpa) 56.0
max pS (mpa) 81.2
max pl (mpa) 54.6
max pr (mpa) 54.2
max acc (k-g) 2.3
max mass crror 0.03 %
max energy crror 0.01 %
ballistic cfficiency = 28.33 %
cxpansion ratio = 10.02
loss to tube walls = 7.07 %
run tme = 2.3 nstep = 3838
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Below is a listing of the job sircam for the 5 liter Shot 51 with droplet burning. Only the
parameters that havce been changed from the Shot 28 model above are described.

The initial liquid propellant volume is larger than the 2 liter case. The volume is also slightly
smaller than that rcported by GE in Table 2 in order to maintain consistency in the code with the
given piston strokc. Thce damper vent arca is changed. A new droplet profile has becn derived.
The projectile shot start pressure and resistive pressure arc changed (see discussion in report).
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dt51 - VIC - S liter Charge - Drop - CD=0.95 - CD5=0.95

10.16 591.8 offset proj travel
15.5 gun tube diamcter
43200. proj wcight
109000. piston weight
5204.86 8406. vl v3
641.19 855.02 al a3

vent4 moving central bolt

17 bolt radius versus piston travel

-5.4783 4.8781
-0.0521 6.8529
0.0000 6.8783
1.5286 7.6238
1.6921 7.6858
1.9461 7.7203
2.2001 7.6858
24541 7.5735
2.5811 74778
2.7567 7.2680
2.8214 7.1730
2.9484 7.0279
3.0754 6.9190
3.3294 6.7709
3.5834 6.6906
3.8374 6.6650
10.0000 6.6650

148.633 0.0 ahole  agres
61400 rodwt
no close pistons initially mect at point
pisl piston resistance
2
0.0 0.0
1.0 0.0
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disl

disl

0.0
1.0

0.0

487.17

flux1
1

flux2

projl
4

drop4

0.0
3.81
4.00
591.8
1.43
4035.5
66.9
22.848
3.45

0.01
1.64
1.64
8

0.0
30.0
40.0
50.0
60.0
70.0
100.0
1000.0

95
.95

1.0
1.0

1.0

10.0

10.0

3.0

3.0
5350.0

1.2226

.04988
677

0.t 00

95.2590
.103
103

.0300
.0300
.0200
0200
0100
0100
LO08

0025

dis. coeff. vs. piston travcl

dis. cocff. vs. proj travel - tube

steady state mass flux formulation
nvo pth
isentropic flow into tubc

proj resistance

rh0 kl k2

cnergy  gamma

surface tension  kinematic viscosity
mol wt gas covolume

pl p3 cpsmi

droplcts

ddr pbr

adrl  bdrl

adrl bdrl
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prim3
4500 0.004 045
0.0
heatl
hear2
3000 1.0
shock2
0.1 300
14 28.84
tube4
bum
buff2
139.555 35.04845 0.0
95
1532.
345 345
0.8885 1600. 113
00 14 0727 00
radius
24
0.0000  3.3078

0.0699  3.3078
5.1575  3.1661
5.6274  3.1661
57798  3.1643
6.0338  3.1605
6.2878  3.1585
6.3818  3.1580
6.6358  3.1593
6.8898  3.1620
7.1438  3.1664
73978  3.1725
7.6518  3.1801
79058  3.1897

inject hot gas
primer mass injection time heat loss

puddle mass

no heat loss to chamber walls
heat loss to gun tube walls
tube temp fudge factor

air shock

airp  airt

airgam airmw

unsteady lagrange distribution

buffer - brayco 783

apis ahole acir

cdS

vS

pS  pouls

th0 k1 k2

epsS gamS cv5 bS
Rcad in damper rod radius
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8.1598  3.1999
84138 32111
8.6678  3.2230
8.9218  3.2357
9.1758 32492
94298  3.2636
9.6838  3.2786
99378  3.2946
10.1918  3.3111
10.3759  3.3239
2.00c-04  1.00e-05 tinc htop
1.00c-05  1.00¢-08 €ps srec

10 0 mf kwrite
20.0 tmax
repl integrate once
cham1 compute p3
**"‘Oulpul***
muzzle vel (m/scc) 612.63
max v pis (m/scc) 18.2
max pl (mpa) 229.1
max p3 (mpa) 149.2
max pS (mpa) 272.3
max pl (mpa) 141.2
max pr (mpa) 139.5
max acc (k-g) 59
max mass error 001 %
max enecrgy crror 0.07 %
ballistic efficiency = 26,97 %
expansion ratio = 8.43
loss 10 tube walls = 5.65 %
run time = 1.9 nstep = 3267

95




APPENDIX D:
INPUT AND OUTPUT FILES - SHOT 58

97




Below is a listing of the job stream for the S litcr Shot 58 with droplet buming. Only the
parameters that have been changed from the Shot 51 model in Appendix C are described.

The major diffcrence is in the igniter. The igniter is a hybrid igniter consisting of an externally

mounted solid propellant igniter and a liquid prepositioned charge in the chamber. A new droplet
profile has been derived.
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dt58 - VIC - S liter Charge -

10.16 591.8
15.5
43200.
109000.
5204.86 8406.
641.19 855.02
vent4
17
-5.4783 4.8781
-0.0521 6.8529
0.0000 6.8783
1.5286 7.6238
1.6921 7.6858
1.9461 7.7203
2.2001 7.6858
24541 7.5135
2.5811 7.4778
2.7567 7.2680
2.8214 7.1730
2.9484 7.0279
3.0754 6.9190
3.3294 6.7709
3.5834 6.6906
3.8374 6.6650
10.0000 6.6650
148.633 0.0
61400
no close
pisl
2
0.0 0.0
1.0 0.0
disl

t2

Drop - CD=0.95 - CD5=0.95
offset  proj travel
gun tube diameter
proj weight

piston wcight

vl v3

al a3

moving central bolt

bolt radius vs. piston travel

ahole  agres
rodwt
pistons initially mect at point

piston rcsistance

dis. coctl. vs. piston travel
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0.0 95
1.0 .95
disl
2
00 10
487.17 1.0
flux1
1 1.0
flux2
proj !
4
0.0 10.0
3.81 10.0
4.00 3.0
591.8 3.0
143 53500 9.11
40355 1.2226
66.9 .04988
22.848 677
345 0.1 0.0
drop4
0.01 95.2590
1.64 .103
1.64 .103
8
0.0 .0300
25.0 .0300
50.0 .0100
75.0 .0075
100.0 0020
125.0 0010
150.0 0001
1000.0 0001
prim3

280.0 0.004 0.45

dis. cocfl. vs. proj travel - tube

steady statc mass flux formulation
nvo pth
iscntropic flow into tube

proj rcsistance

th0 kI k2

encrgy gamma

surfacc tcnsion  kinemalic viscosity
mol wt gas covolumc

pl p3 epsml

droplcts

ddr pbr

adr1  bdrl

adri bdrl

injcct hot gas

primer mass  injection time  heat loss
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133.0
heatl
heat2
300.0
shock2
0.1
14
tubc4
bum
buff2
139.555
95
1532,
345
0.8885

radius

24

0.0000
0.0699
S.1575
5.6274
5.7798
6.0338
6.2878
63818
6.6358
6.8808
7.1438
7.3978
7.6518
7.9058
8.1598
84138
8.6678

1.0

300.
28.84

35.04845

345

0.0

1600. 11.3
00 14 0727 00

3.3078
3.3078
3.1661
3.1661
3.1643
3.1605
3.1585
3.1580
3.1593
3.1620
3.1664
31728
3.1801
21897
3.1999
3201
3.2230

puddle mass

no heat loss to chamber walls
heat loss to gun tube walls
tube temp fudge factor

air shock

airp  airt

airgam airmw

unsteady lagrange distribution

buffer - brayco 783

apis ahole acir

cd5
vS
p5  pouts
rh0 kb k2

epsS gam5 cvS bS
Read in damper rod radius
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repl

cham1

8.9218  3.2357
9.1758  3.2492
94298  3.2636
9.6838  3.2786
99378  3.2946
10.1918 33111
10.3759  3.3239
2.00c-04  1.00c-05
1.00e-05  1.00c-08
10 O

200

*ERQutput***

muzzic vel (m/scc)
max v pis (m/scc)
max pl (mpa)

max p3 (mpa)

max pS (mpa)

max pl (mga)

max pr (mpa)

max acc (k-g)

Mmax mass crror
max encrgy crror
ballistic cfficicncy =
c¢xpansion ratio =
loss to tubc walls =

run time = 24

tinc htop
eps  srcc
mf kwrite
tmax
integrate once

compute p3

617.16
18.6
233.1
151.9
285.5
142.8
143.2
6.1
0.0 %
0.07 %
27.37 %
8.43
5.70 %
nsicp = 4429
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INPUT AND OUTPUT FILES - SHOT 65
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Below is a listing of the job strecam for the 7 liter Shot 65 with droplet bumning. Only the
paramelers that have been changed from the Shot 58 model in Appendix D are described.

The initial liquid propellant volume is larger. The damper vent arca is changed to accomodate

the longer piston stroke. The pre-positioned charge is smaller. A new droplet profile has been derived.

The projectile shot start pressurc is changed (see discussion in report).
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dt6s - VIC - 7 liter Charge - Drop - CD=0.95 - CD5=0.95

10.16 591.8 offset  proj travcl
15.5 gun tube diamcter
43200. proj weight
109000. piston weight
7217.00 8406. vl v3
641.19 855.02 al a3

vent4 moving central bolt

17 bolt radius vs. piston Lravcl )

54783 4.8781
-0.0521 6.8529
0.0000  6.8783
15286  7.6238
1.6921 7.6858
1.9461 7.7203
2.2001 7.6858
2.4541 75735
25811 7.4778
27567  7.2680
28214 7.1730
29484  7.0279
30754  6.9190
33294  6.7709
35834  6.6906
38374  6.6650 |
100000  6.6650 |

148.633 0.0 ahole  agres
61400 rodwt .
no closc pistons initially mcct at point
pisl piston resistance
2
0.0 0.0
1.0 0.0
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disl

0.0 .95
1.0 .95
dis1

0.0
487.17
flux1

flux2
projl

00
3.81
4.00
591.8
1.43
4035.5
66.9
22.848
345
drop4
0.01
1.64
1.64
8
00
25.0
50.0
75.0
100.0
125.0
150.0
1000.0

1.0
1.0

1.0

20.0
200
3.0
3.0
5350.0 9.11
1.2226
.04988
677
0.1 00

95.2590
103
103

.0300
0300
0125
.0100
.0060
0030
0015
0015

dis. coeff. vs. piston travel

dis. coeff. vs. proj travel - tube

steady state mass flux formulation
nvo pth
isentropic flow into tube

proj resistance

h0 k1 k2

energy  gamma

surface tension  kincmatic viscosity
mol wt gas covolume

pl p3 ecpsml

droplets

ddr pbr

adrt  bdrl

adrl bdrl
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prim3
280.0 0.004 045
115.2
heatl
heat2
3000 1.0
shock2
0.1  300.
14 28.84
tubc4
bum
buff2
139.555 35.04845 00
95
1953.
3.45 3.45
0.8885 1600. 11.3
00 14 0727 0.0
radius
23
0.0000 3.3103

5.1753  3.1661
9.6203  3.1661
97727  3.1643
10.0267  3.1605
10.2807  3.1585
103746  3.1580
10.6286  3.1593
10.8826  3.1620
11.1366  3.1664
11.3906  3.1725
11.6446  3.1801
11.8986  3.1897
12,1526  3.1999

inject hot gas

primer mass injection time
puddle mass

no heat loss to chamber walls
heat loss to gun tubc walls
tube temp fudge factor

air shock

airp  airt

airgam airmw

unsteady lagrange distribution

buffer - brayco 783

apis ahole acir

cd5

v5

p5 pouls

h0 k1 k2

epsS gam$S cv5 bS
Read in damper rod radius
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12.4066  3.2111
12.6606  3.2230
129146  3.2357
13.1686  3.2492
134226  3.2636
13.6766  3.2786
13.9306  3.2946
14.1846  3.3111
14.387 3.3251

2.00c-04  1.00e-05 tinc htop
1.00c-05  1.00c-08 eps srec
10 0O mf kwrite
20.0 tmax
repl integratc once
chaml compute p3
***Oulpul***
muzzle vel (m/scc) 707.73
max v pis (m/scc) 22.6
max pl (mpa) 283.7
max p3 (mpa) 184.9
max p5 (mpa) 364.3
max pl (mpa) 173.8
max pr (mpa) 169.1
max acc (k-g) 7.2
max mass error 0.00 %
max cnecrgy error 0.08 %
ballistic efficiency = 25.96 %
expansion ratio = 7.66
loss 1o tubc walls = 515 %

run time = 15 nstep = 2555
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